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A BSTRAC- . .

"K The viscosity, thermal conductivity, electrical conductivity, binary diffusion
coefficients, and total radiated power in the continuum -have been calculated for
hydrogen, nitrogen, oxygen, and air for temperatures from 1000 to 30, 000H
and for pressures from 1 to 30 atm. The viscosity, electrical and thermal con-
ductivities, and diffusion coefficients were calculated from the first Chapman-
Enskog approximationI, 2 using the best available cross-section data from the. .
literature. Coulomb collisions were treated approximately by means of effec-
tive collision cross sections, chosen to make the calculated transport properties
agree with the results of Spitzer and HI-rm 3 for the fully ionized case, Effects
of ambipolar diffusion and charge exchange were included in the calculation. e -
The continuum radiated power was calculated from Kramers' semiclassical ap- .
proximation4 with an empirical correction factor to make the results agree witht
the limited experimental data available in the range of interest.

The calculated transport properties agree well with the results of Mason,
et al, 5-7 at low temperatures and of Spitzer and Iirm 3 at high temperatures,

p. but in the interm ediate tem perature range, from about 10,000 to 20, 000 *K- the L .
results differ rather significantly from the results obtained by previous inves-
tigators. The m ajor difference is in the reaction thermal conductivity due to - "
ionization, where the inclusion of charge exchange results in a thermal con- .

*' -• d u c t i v i t y a l m o s t a n o r d e r o f m a g n i t u d e l o w e r t h a n t h a t o b t a i n e d i n m o s t p r e v i o u s .- "
calculations.
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I. INTRODUCTION
p 6

In connection with cui~rent Avco RAD studies on the electric-arc positive col-
umn and on re-entry problems, it was found necessary to have reasonably ac-. ...............-
curate values for the transport properties of various gases at high tempera-
tures. The experimental measurement of the transport properties of gases is ,.

very difficult for temperatures above about 2000°K, so that up to the present B 0
time most of our knowledge of the transport properties in this temperature
riange has had to be obtained from kinetic theory calculations. 1-2 A consider-
able number of such calculations have been made in the past for various high-
temperature gases, 5-32 and a review of some of the work on air is given in
references 5 and 15. Unfortunately, however, accurate information on the re- -
quired atomic- and molecular-collision cross sections at high temperatures P . .
has generally not been available until quite recently, so that many of the earlier -

calculatiors are seriously in error, because of incorrect values used for some -

of the required collision cross sections. For example, in the case of air,5
the uncertainty in the cross sections has led to a difference of as much as a
factor of Z, or more. in the values of the transport properties calculated by --

different investigators. This situation is rapidly changiug, however, and it S . -
is now possible to obtain rather accurate values for many of the required cross
sections, 6, 33, 34 so that the transport properties of high-temperature gases
can now be calculated with considerably greater accuracy than has been possi- -
ble in the past. 5-7, 33 In view of this situation, it seemed desirable to under-
take a systematic recalculation of the relevant gas transport properties, using
the latest available data for the required collision cross sections.

The present memorandum is a preliminary report on Avco RAD's calculations
of the transpore properties of various gases at high temperatures. In this work, .

it was not attempted to make any extensions of present theory, but simply to
calcaate the transport properties as accurately as possible using presently
available methode and data. The details of the calculational procedure are
described, and results are presented fo. hydrogen, nitrogen, oxvgen, and air
for temperatures from 1000 to 30, 000*K and pressures from I to 30 atm. The.
properties included in the calculation are the electrical conductivity, thermal .... "

conductivity, viscosity, binary-diffusion coefficients, and total continuum - . . "
r"diation (line and band spectral radiation has not been included).

... ........ •

-..............



Ul. DISCUSSION
'0 0

A. TRANSPORT PROPERTY FORMULAS

The calculations .3f the electrical and thermal conductivities, viscosity, ant,
diffusion coefficients are based on the first Chapman-Eziskog approximation.
summarised in reference 1. This approximation gives explicit formulas for * 0

the trai&sport proportion in terme of certain "collision integral@" wl *do-

fined in reference 6. which describe the interaction between molecules of
species i and 1, and which have the physical significance of an effective cross
section for collisions between molecules i and. Specifically, the collision

integrals ,,rl.. are defined as weighted averages oi the collision cross Pec-,

tion. of the form -

fI exp (y 2 ) ),2  3  (1 -cog 
1  X) 41rui wini X d X dy ' "' -

1 f-i azp(-y2) y 2 m+3 (1-cosl X)o)ifXd)<dV

where -a-Xg to the differential scattering cross section for the pair i - -
X io the ocatllering angle in the center of mass system, S is the relative veloc-

ity of the colliding particles, and y -Wgiteduced velocity. The
(1,) 72(mi+m j kT 1)0

collision integrals rrfs% defined in this way differ from the integrals fli

defined in reference 1 only in the normalization factor occurring in the defini-
tion (1).

In this work, the complete kinetic-theory formula@ for the transport properties
given in reference 1 were not used, but instead the formula. were appro dmate
by the following relations: 2 5 , 3 5, 36

or

-2- 1
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1. ViscoulitypU.

Z. Thermal conductivity K.

~ +Kin 4Kr(3)
K~~ K, Knt K

where the tranalational thermal conduc~ivity

- + k ~~~ ~ (4) h. .. ~

the internal thermal conductivity

and the reaction thermal conductivity*

Kr -k(AHI/R T)
2  

(6)

i-i /N (nj-1 ~ ji)A

'Note that th-is foneula already includes the effects o! arnbipolar diffusion on the reaction conductivity of an ionized gas..

-3-- 9
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3. Electrical conductivity u

o (U
2

IIT)(7)

(61 ~ AT so i /li

where the prime on the summation sign indicatwe that the term z.
is omitted from the sum,

4. Binary diffusion coefficient Dip,

D(8)

In the above equations.

(1 4 11 (9a)

3 kT (m -ji)

&() 16 2m i 6.2) (9b)
5 wkT (i+ mi)

and

I - (Mi/M 1 )l (0.45 -2.54 (mi/wj)J (10)

( m,/m.)]2

who re

M is the mass of & particle of species i

Zi is the mol...fraction of species i

is the specific heat per mole at constant pressurm for species i

a is the total mnmber of species present in the system.
th a are the stoichiometric coefficients in the 16 chemical

reaction written in the balanced form T'nj1 X(- 0 -

-4-



n

A I1  Ilij H1  is the heat of reaction per mole for the 1 I t re-

action

18 i the total number of independent reactions occurring in the
system

k is Boltzmann's constant

R is the universal gas constant

Ae is the electronic charge

p is the pressure.

Although still somewhat complicated, equations (2) through (10) above are
much simpler than the equations given by the first Chapman-Enskog approxi-
rnation1 and give results within a few percent of the latter, in most cases. 25, 35 - ..

Since the collision integrals are known within only about 10 to 20 per-- .
Ii

cent at best, the additional error introduced in our results by using the approxi-
mate equations (2) through (10) in place of the complete lis Chapman-Enskog
approximation is negligible..

The effects of Coulomb collisions are not given very accurately by the first
Chapnan-Enskog approximation; for example, in the limiting case of a fully
ionized gas, the transport properties calculated from this approximation difffer
by about a factor of Z from those obtfined from an accurate solution of the
Boltzrann equation. 3 . 3 7 ,3 8 Several authors3 ' 37-40 have suggested more
accurste approximations for treating the effects of Coulomb collisions, but a
complete solution of the problem has apparently not yet been given for a gas
of arbitrary degree of ionization. In the present work, interpolation was ef-
fected through the region of partial ionization by means of equations (2) through
(10) using effective Coulomb collision cross sections A(,5 chosen to make
the calculated transport properties agree as closely as possible with the re-6
sults of Spitzer and eArm 3  for the fully ionized case.

B. CONTINUUM RADIATION FORMULA

The total continuum radiated power per urpt. ae Pr was estimated from1
Kramers' eehiclan esical approximation 4

-5-0

.--- -- - - - - - are.n wn wihi.. . . . . . . . . . . . . . p r- - .-..-

. - ..- ' --.

. ............. °.
.. . . . . . .-.-... t...Th.efect-..C..o½n-co..in ..re.o.>ive vey. acurte..by.hefir..".."....-.. -

-. onzedga,.h..r.. . . . . . . . . . . .c. .u.te.fom th. .a.. . . .tin.if.r. ....-.-.-
'•Jm by about............ t.o... .fomths ob.ne ro nacuat..e.....io fth '."--[i'-"

....... ...... 3,37.8........thor3,.7-.0hav. mor...__
accu .. eapprximaion fo raigteefcso olm olsos u -2*..



MCM.

64 ,,3/2 .6,2 n

3,,/6_m5
3 /2c 3(kT)5/2 *(1

whoere

in the bandwidth of the spectrum. assu.med equal to the width
AV 4 WI/h of the blackbody distribution

c is the velocity of light ~.

hi is Planck's constant

zie is the effective ionic charge of the species i for radiative collisions
with electrons

y&3 is an empirical constant introduced in order to make the calculated
values of the total radiated power P, agree as well as possible with
the. limited experimental data available at high pressures. 4 1 -4 Z

Molecular-band and atomic-line radiation were not included in the calculation,.
since these processes generalIly make a negligible contribution to the totall ra-
diated power at the very high temperatures for which radiative heat losses are
im~portant iL" the overall energy balance.

C. COLLISION CROSS SECTIONS '

The transport properties of hydrogen, nitrogen, oxygen, and air at temperatures
from l000 to 30, 000*K and pressures from 1 to 30 atm. have been comnputed
from equations (2) through (11), using a program which has been set up for the
Philco Z000 digital computer. The species included in the calculations were
as follows: for hydrogen. H?., H. Hl+, and e; for nitrogen, NZ, N, N4-, Nt+,
and a; for oxygen 02, 0. 0+, 0++ and e; for air, N2 . N, N+, N++. 02, 0,0
0+, NO, NO+, and a. The equilibrium [$as comnposition was taken from ref-
erences 4a and 44 while the thermodynamic funct~ions Hi and cpi for the in-
dividual species were obtained from internal calculations at Avco PAD. 45, 46

-(, 8)
The required collision integrals ff Qj:' were obtained from a fairly extensive

survey of the literature and are shown in figures 1 through 4. The solid curves9 9
in these figures indicate cross sections for which fairly reliable data were
found in the literature, while the dashed curves are eatima.ed cross sections

* for the caipes where good data are not available. Since the accvracy of the
* calculated transport properties is largely determined by the accuracy of the

0 0 0 0 0 0 S
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input data on the collision integrals, a brief discussion of the values used in
the present work is given below. 40

The collision cross sections -ji!'s)i for the atomic and molecular interactions

(H-H, H-H 2 , HZ-H 2 . N-N, N-N andsoforthL were obtained from the recent
"calculations of Mason, et al,6, -for temperatures up to 15, 000"K. The values a
for tle H-H, H-H 2 , H2 -H 2 , N-N, N-N 2 , N2 -N 2 , 0-0, -2, 02-02, N-O, N2 -O, 0
andNz-O2 interactions were taken directly from Mason's tabulation, while the
values for O-NO, 0 2 -NO, N2 -NO, and NO-NO were calculated as averages of the
above interactions, as recommended by Mason, 7 The cross sections for the
remaining interactions N-OZ and N-NO which are not tabulated by Mason were
assumed to be approximately the same as for the othar neutral-neutral inter-
actions. Since these two interactions occur only very infrequently in equilibrium r .
air, the exact values assumed for their cross sections will have a negligible ef-
fect on the calculated transport propertics.

For temperatures above 15, 000 0 K, the cross sections for the &tomic inter-
actions H-H and N-N were obtained by extending Mason's calculations up to
30, 000*K, using the same potential functions as were used in his work. 47, 48
The cross sections for the remaining neutral-neutral interactions were simply
extrapolated roughly to 30, 0000K, assuming the same temperature dependence
as was calculated for H-H and N-N. This procedure will evidently lead to a -7.
alight error the--a-----4 * .. a.-....I .a...-- -- cion and the norrespond-g ,

diffusion coefficients at the highest temperatures calculated; however,since
J neutral species are not important at the high temperatures, the effect on the

"overall transport properties should be negligible.

In the case of the interactions H-H+, N-N+, 0-0+, and NO-NO+ between z,
neutra' species and its own ion, it is necessary to consider the effects ot
resonant charge exchange. This problem is discussed in reference 49, where
it is shcwn that charge exchange results in an anuznaioualy large diffusion .--

"cross section j il(l, 1) but has no effect on the viscosity cross section rjj(2, 2); . '..1.._- .
the explicit formulas used in calculating these cross sections are given in ref- /-[-.- -

- ,(2 2)
erence 49. For H-H+ the collision integral -[ H H was obtained by approxi- .

mating the H-H+ interaction potentials given by Fallon, et al P7 wit,, potentials
for which the collision integrals are known, just as was done above for the
"atomic and molecular interactions. To obtain the collision integral-(1. c,1)> .'.-..*.-..--

-"H14+. the charge exchange cross section for 1-H+ given by Gurnee and
Magee5 0 was fitted to the analytic expression

.e, - CA-Bov)2  (12) B

with the constants As 2. 1 x 10- 7 cm and B 2, Z2 x 10-8 cm, and the expression
for nfl( 1 ,1) given in reference 49 was then integrated analytically 51 to obtain
the result . -

.2.

'4

0 0• 6 ® q Sl 0l __ 0 0 S O @ S, Sl S
S."•" . .'L" ... ................ "......-..-..'.-..-..-.....-.....-.-.................'-....-...'.....-.- -.---...-..........



ff 13(9.8 B2 17.8 AB 2 2A 2 )
H-H*

(8.92 B2 -2AB) aIio ".~+-2 (056 (13)

whe re the atomi c weight Mm 1. 00 8 fo r hyd rog ea.

There appeartt to be very little data available at present on the ion-neutral
interactions for the nitrogen and oxygen species of interest here. Lacking any

better information, the viscosity cross sections '2,2) and (2,2 we re
N-W 00-

ca~lculated from the approximate potentials given by Peng and Pindroh, ? 5 vhich
they obtained ny drawing a smooth curve joining the polarization potential at
large internuclear distances to a Morse potential obtained from spectroscopic
da~ta at short distances. The charge exchange crass 3ection for bott. oxygenA
and nitrogen was assumed to be of the form (1Z), with the constants A and B
estimated in the case of oxygen by curvefitting Daigarno's estimated cross
section, 52 and in the case of nitrogen by means of an approximate one-electron ..

calculation5 0 . 53 using the Hartree-Fock wave functione for nitrogen. 54 The
values of A and B obtained In this %ir - we~re A = 16 A -r i n_71-

cm far oxygen. and Am Z.Z x 10-7 cm, B = Z. 1 x 10-B cm fox' nitrogen, with
an estimated error of perhaps a factor of Z either way in the cross sections.r
The charge exchange cross sesction for NO-NO 4 wa3 also as sumned to be of the
form of equation (12Z) with the constants A = 1. 5 x 10-7 cm, B = 1. 7 x 108cm
obtained b-y fitting experimental data in the neig. borhoad of 150 ev.5

For the temperatures considered in the present work, the c~narge- exchange
cross sections for nonresonant ion-neutral collisions (N-O+, C-N 4q, N?.-N 4 ,
and so forth) sh,.uld be negligible, so that the collision cros.' sections
and #0(,)for such collisions will have their uaual gas-kinetic values. For
the case of N-0 4 and 0-Nt, these crass stctions were again calculated fromn
the approximate poltrization potentials given by Peng and Pindroh, 2 5 and the
N-C 4 potential was also used to calculate the cross section rjj (2.ý) for the
infrequent NC-NOl' collision. The remaining ian- neutral collis ions, which
invo!ve either doubly charged ions or molecules, or both. occur only very
rarely for equilibrium conditions; hence, it was sufficient for the present
work to take their cross sections equal to the corresponding gas kinetic values
for the collisions of atoms and singly charged ions.

There has been a goad deal of experimental wo'-k on the electre.n-mulacule
crone sections a-142, s-N;2 , e-02, and c-NO, and the approximate values and
general trends with electron energy seemn to be well established. 56-60 although
there is still some disag-.eement on the e-N 2 and e-07 cross sections at low



temperatures. 6 0-6 1 From the scatter in the results of the various experiment-
4Or@, wu estimate an uncertainty of about 30 to 40 percent in the electron-mole-0

cule cross sections for the energies considered here. In the present work, the
cross sections tabulated by Massby and Burhop56 were used for a -02 and e. NO,
and the values of Crompton and Sutton 57 were used for e-N2 and e-H. The
experimental data gave the values of nf~~~directly; for simplicity. hfl(2,
was taketi equal toý infl - since this approximation ha~s a -iegligible effect on
the calculated transport prope rtie s.

The low-energy elastic- scattering cross section for the e-H system has been
studied quite extensively In the last few years. 34.67- both experimentally and
theoretiically, and now 3eems to be quite well understood. In calculating the
collision ý.ntegrals from this data, S-wave scattering was assumed and the total '
cross section wac approximated by means of the simple analytic curvefit

5.28 X 10 1 5  2(4

where kTe is the electron energy, and To 3300*K is a constant. The integrals I.
could then be evaluated analytically to give

-5.28 101~~ .. ? (i)

H-e 1/ -(To )

+[(T .)2 ± (T. ) 3 Q ) T J ~ ( o 4 = 2c~ § ~ c 2 (l5a

0 15

(22 1.7 x. 10 -

A H-.......T).(T).

. . . . .. . . . . . . . . . . _T

... .. . . . . . T.. .. . . . .. ** * * . - . - ..
03-.-.... 2.. . . . .. .. . . . .. . . . . .



In contrast to the case of s-H, the cross sections for s-N and e-O scactertng
are still quite uncertain. although some information on the e-O system is now
beginning to become available. 63 The e-O cross sections used in the present
work were obtained from a rough curvefit to the experimental data, 6 3 -6 4 the

same values being used for the diffusion and viscosity cross sections V~11l)

and .i (2.2). Following a suggestion of Kivel, 65 the N-et cross section was0-

estimated by extrapolation of the experimental results on c-O, using the scaling '<C~

between N sad 0 suggested in references 66 and 67. In this wuy a cross sec-

- (1-.1- -- (2-..

tionwflN.,. (2,N-c. 5Sx 10- 16 (= 2 is estirnated~in agreement with an ap-

I- . - . °--- .

proximate experimental value obtained by Maecker in the electric arc. 68

For the Coulomb collisions (e-e. e-Hs s+eHti eoN+, e-N+ta and so forth)

effectiv, collision integrals were choaen so as to make the calculatedvalues of the
electrical conductivity and the electronic contribution to the theri aal conducti-

vity agree as closely as possible with the results of Spitzer and Hirni 3 wh-2n
the gas is completely ionized. The value of thermal conductivity used in this
comparison was Spitzer and Hirm' s corrected value eK, which includes the
effects of banbipolar diffusion. Since Spitzer and s irm consider only ,he

electronic contribution to the trr~nsport properties. their results do not directly
determine the ion-ion 'iollisio . integrals; hence it was necessary to estimate
these latter quantities by comparison with the corresponding electron-ion cross

sections. Thus9 those transport properties, such as viscosity and reaction

thermal cond-ictivity, which depend primarily on ion-ion interactions, will pro-
bably not be givan as accurately by thepresent calculations as are the electrical_..-
conductivity and electronic thermal conductivity which are based directly on.

the calculations of Spittr a" H -rm. Specifically, the formulas used for the

Coulomb collision integrals in our calculations wre re

-(2.2)-(1)

wlet-r 0.75 QC h lt -n 0.80 Qc

-(2,2) (0 e1 1)'

Ir - 0.75 Qc - (1.1 0.80 Q,

-re (2,2)-(1 
)

-2 2.1 Qe- 2.7 Q,~.4

.. a. - . . . -

-(2,2) 03 11

-(2,2) 12 -27(
w0 -2  - .8,4 (4 2. (1,
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- 4.8 Qc _ - 12.8

where the subscripts 1 and 2 indicate singly and doubly charged ions, respec-
"tively, and

""~~~lg &2L-• "L.

QC (e2/AT) In A.L 3.22 x 10-6 cm2  (I 6b)

T2

is the well known Gvosdover cross section for Coulomb collisions. In evaluat-
ing the cutoff parameter A in equation (16b), a cutoff at the Debye length for
low electron devsities and at the mean ionic distance for high electron
densitiev has been used, as recommended by Spitzer and Hirm, 3 and inter-
polated between the two extreme cases by means of a root-mean-square inter-
jolation formula.

- 9(kT)3  16(kT) 2  
(16c)~~A 4l • e6 n e C4 n 2 / 3 . - .J ,- -

4ne e

where i is the number of free electrons per unit volume.

The nitrogen and oxygen atoms have low-lying electronic states at a few elec-
"tron volts which are appreciably populated for the conditions of the calculations.
To estirnat the affect of these states on the transport propcrticna, it is noted
that they belong to the same electronic configuration as the ground state, and
"hence have approximately the same radii for the electronic charge distribution.
It is therefore expected that the collision cross sections for these excited atoms
will be roughly the same as they are for ground-state atoms, except for cases

4 1 in which exchange of excitation energy can occur, and that the cross section
4• for the latter process will be of the same order as the corresponding charge

exchange cross section. 4 9 Thus, it is expected that the only important effect
of the I3w-lying excited states will be to reduce the contribution to the internal
thermal conductivity due to excited nitrogen and oxygen atoms by impeding the
relative diffusion of the ground-state and excited atoms. This effect has been
taken into account in the transport property calculations by replacing the colli-

-(1.1) • 1' S. . .
"sion integrals JrQNN and sfE o_' in equation (5) for Kint by the corresponding

values wD (i,1) and rl) estimated for charge exchange. With this ap-
N-N4 0O-+

proximation, the calculated value of .int due to excited atoms is very small,
so that the final trans port-property values are essentially the same as would k .
have been obtained if the effects of excited electronic states had been neglected
altogether.

-15-
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The low-lying excited states of ioniz.ed nitrogen and oxygen will behave ilmilarly .

to those ofthe un-ionized atoms, except that in this case the Coulomb cross
sections should dominate the cross section for excitation exchange, so that . -

there will be no effect at all on the transport properties, and equations (2)
through (10) will be correct as they stand.

The above arguments do not apply to highly excited electronic states since
these have ccnsiderably larger radii than the ground states, and hence much .
larger collision cross sections; however, the numb-i of atoms in these highly
excited states is low enough for the conditions of this work that they are not
expected to have a major effect on the transport properties.

In calculating the total radiated power in the continuum fromn equation (11) the
effective charge Zie for the ions was taken to be equal to their actual net charge, " -

while for the neutrals the approximate value Z? = 0.02/3 suggested by Kivel
and Bailey 9 for nitrogen was used in all cases. While this approximation is
of course not too accurate in detail, we believe that it should reflect the main
features of the total radiation rather well at the higher temperatures (above
about 10. 000 'K).
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III. RESULTS OF TRANSPORT AND RADIATION
PROPERTY CALCULATIONS

The final results of the transport and radiation property calculations are given
in tables I through XVIII, and figures 7 tV-rough ZZ.* For the lower temperatures ....

where ionization is not important, the overall accuracy of the calculated trans- •
port properties (except diffusion coefficients and radiation) is estimated to be
about 10 to 20 percent, this error being due primarily to uncertainties in the
knowledge of the required collision cross sections. At the higher temperatures,
the accuracy of the calculated transport properties becomes considerably
poorer; for hydrogen, a probable error of about 50 percent is estimated, due
primarily to the approximate treatment of Coulomb collisions and of excited .
states in the calculation; for the other gases, the probable error is somewhat
greater because of lack of knowiedge of the ion-atom and electron-atom inter-
actions.

For convenience in the applications, binary diffusion coefficients have been
tabulated for all molecular pairs for which cross sections are given in figures -
1 through 4, even though in some cases the relevant collision cross sections
are not known too accurately. Those pairs for which the diffusion coefficients
are felt to be significantly lcss acc-irate than the transport properties for the
gas as a whole are indicated by an asterisk in the tables. in all cases however,
it is believed that the tabulated diffusion coefficients should be within at least
a factor of 2 or 3 o0 the correct value. Yor an ionized gas, the usual quantity
of interest in the applications is the ambipolar diffusion coefficient, which is
equal to approximately twice the ion-neutral coefficient tabulated here.

The calculated values of the continuum radiated power are estimated to be
correct within a factor of 2 or 3.

Transport properties have been calculated recently for un-ionized hydrogen,
nitrogen, oxygen, and air up to about 10, 000"K by Mason, et al, 5-7 using the
same input data on the neutral-neutral collision cross sections as were used
in the present work. As would be expected, our results are in essential agree-
ment with those of Mason, et al, for the lower temperatures; however, for
temperatures of about 7000"K and above the effects of ionization are no longer
negligible, and our calculations begin to deviate significantly from Mason's
v.alue s.

At the highest temperatures considered, our values for the electricaland thermal
conductivity are in good agrLernent with the results of Spitzer, et a13 for a
fully ionized gas, as they should be. For the intermediate temperature range,

*Approximate values of the themiodynamic properti:. for the conditions covered in this report can be found in refcrence 43.
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from about |0,Ooo to 2O,OOOK, however the present results appear to differ rather

siniflcantly from these obtained by earlier investigators, due primarily to , 0
differences in the assumed collieion cross sections. In particular, the explicit

inclusion of charge-exchange effects in the present work results in a diffusion

Cross section -'1,1) between atoms and atomic-tons which is almost an order

of magnitude larger than the gas-kinetic cross section used in most previous

high-temperature transport-property calculations. This leads to a reduction

of almost en order of magnitude in the reaction thermal conductivity due to

ionization, so that it becomes comparable to the translational thermal cý.rduc-

tivity; hence, the large peak in the total thermal conductivity in the ionization

region, whi.h was obtained in many of the previous calculations, no longer
occurs. Since the specific heat is still strongly peaked, the oquilibriurm Prandtl
number Np, w ac /K now exhibits a sizeable peak in the ionization region, before -. ,

falling off to the low value characteristic of a fully ionized gas. This behavior
is illustrated in figure 5 for air; the values of p and K used in calculating this
figure were obtained irom the present report, and the value of c from refer-
ence 43.

Figure 6 compares the total thermal conductivity for nitrogen calculated in the

present report with some expezrimental measurements obtained by Maiecker 6 8  0

in the electric arc. Maerker's results are seen to agree very well with the
calculations at the lower temperatues; however at about the temperature at
which significant ionisation begins to occur, the experimental thermal con-
ductivity curve starts to rise rapidly above the calculated value, and, at the
1LLghuiL temperatures observed, it in about an order of magnitude higher than

the calculations. Maicker attributes this rapid rise to the reaction thermal
conductivity of ionization. Ats we have pointed out above however, the reaction
conductivity could not have such a high value unlese the resonant charge ex-
change cross section for N-N+ were almost ar. order of magnitude less than

estimated here (see figure Z). Although thiu cross section is not known ac-
curately at present, it seems very unlikely, on theoretical grounds, that it
could be as low as would be required to account for Maecker's experimental -
dato. We therefore feel that the discrepancy between Maecker's data and the
theoretical calculations must still be regarded as unexplained.
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TABLE I

VISCOSITY OF EQUILIB3RIUM HYDROGEN 
\' ~

Temper. Pressure (atm)
ature

(K13 1 0 30

1,000 0.199 0.199 0.199 0.199
2, 000 0. 319 0. 319 0. 319 0. 319
3, 000 0. 448 0. 445 0.442 0. 440
4,.000 0.533 0.56? 0.581 0.579
5, 000 0. 555 0. 577 0.623 0. 672
6, 000 0, 636 0. 641 0. 658 0. 694
7, 000 0. 732 0. 734 0. 740 0. 755
8, 000 0, 827 0.830 0.833 0.841
9, 000 0.914 0. 922 0.927 0.933

10,000 0.975 0.999 1.01 1.02
12,000 0.937 1.05 1.2 1.17
14,000 0.661 0.889 I.0 1.21
16 ,000 0.3S7 0.593 0. 877 1.10
18, 000 0.205 0. 358 0. 618 0. 899
'0, 000 0. 161 0.248 0.431 0. 686

Z, 000 0.161 0.214 0.332 0.527
4,000 j 0. 78 0.215 0.301 0.447

Z6, 000 0.205 0.238 0. 304 0.418
28, 00ot 0. 237 0.268 0. 326 0.420
3O0 0j 0. 272 0. PS' 0. 360 0. 444
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TABLE tt

FROZEN THERMAL CONDUCTIVITY
ufKt + r-. FOR HYDROGEN 0

(in mw/cm )

Temp~atu~.Pressure (atm)

()1 3 10 30 I

1,000 4.37 4.37 4.37 4.37
2,000 8.06 8.06 8.05 8.05
3,000 12.6 12.4 12.3 12.2
4,000 15.9 16.8 17.2 17.1
5,000 17.1 17.7 i8.9 20.4
6,000 19.6 19.8 20.2 2111
7,000 22.7 22.7 22.9 23.2
8,000 26.0 25.9 25.9 26.0
9,000 29.5 29.4 29.3 29.2

I~ A A^A n ~ -31 n~f ~ )

12, ' 000 ý3'3'.9' ý3 7*.3" 39.4 40.1v
14, 000 28.4 35.8 42.1 45.8
16, 000 22.7 30.7? 40.1 47.4
18,000 22. 2 28.1 37. 3 46.9
20,000 25.1 29.6 37 .3 46.8 '.

22,000 29.9 33,8 40.3 48.8
24,000 35.6 39.4 45.7 54.1
26,000 42.2 46.6 53.0 61.0
28,000 49.6 54.4 61. 3 69.2
30,000 57.4 63.0 70.9 79.4
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TABLE III

EQUILIBRIUM THERMAL CONDUCTIVITY
K z If + 1 FOR. HYDROGEN

(in mw/cmn - ex) 9

Temper- Press-ire (atm)
attire

1,00 .33- 30

1,0 .7 4.37 4.37 4.37
2,000 9.03 8.62 8. 37 8.23
3,000 69.0 46.2 31.2 23.3
4; 000 148 155 123 87.7
5,000 36.3 64.9 111 133
6,000 22.4 27.8 44.0 74.3
7,000O 23.6 24.8 29.0 40.0
8,000 27.1 27.1 28.2 32.2
9,000 32.2 31.2 31.0 32.2

10,000 40.0 37.2 35.7 35.5

12,000 59.0 53.1 48.8 46.1
.4,UU vu 1. 71.1 (5.1i 60.9
16,000 64.8 76.7 78. 3 75.4...
18, 000 42.3 62.0 78.7 84.8-
20,000 33.0 47.0 68.1 84.4 '

22,000 33.2 41.9 58.5 77.8
24,000 37.1 43.4 56.0 7 7
26,000 43.0 48.8 59.0 7.89
28,000 50.0 55, ? 64.9 77.6
30,000 57.7 63.8 73.3 85.2
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TABLE IV

ELECTRICAL CONDUCTIVITY OF EQUILIBRIUM HYDROGEN
(in mhos/cri)

an)a

*,. - " 'a-

Pressure (a~nm) "" ... - ".

Temperature Pressure (a

1)3 10 30

1,000 .........
2,000 1.83 x I0"14 8.08x i0-5 3.31 x Io15 1.47 x I0"15
3,000 9.67 x 10-8 4.55 x 10- 8  1.92 x 10-8 8.64 x 10"9
4,000 1.38x I0-4 7.56 x 10-5 3.70 x 10-5 1.82 I0" 5  , 105
5,000 6.66 x 10-3 3.81 x 10-3 2.05 x 10-3 1.12 x 10-3

6,000 0.111 6.40 x 10-2 3.48 x 10-2 1.99 x i0-2
7,000 0.840 0.497 0, 275 0.160
8,000 3.47 2.17 1.25 0.738

9,000 9.29 6.39 3.96 2.43
10, 000 18.6 14.7 10.4 7.11
12,000 37.0 34.5 29.7 24.1
14,000 53.5 54.0 52.1 47.9
16,000 67.2 71.0 73.4 72.1
18,000 79.4 86.0 91.4 94.9
20,000 90.2 98.6 108 115
22,000 101 111 122 132
24,000 112 122 136 150
26,000 123 135 149 164
28,000 135 147 163 180

30 00 145 160 17715
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TABLE V

BINARY DIFFUSION COEFFICIENTS FOR HYDROGEN
AT ATMOSP•iERIC PRESSURE

Binary Diffubion Coefficient, Dii (cm 2 /gec) 1Temperature -

"(H. Hz) (H, H+) (H2 , H+)* (e, H) (e, H)

1,000 17.2 2.08 2.68 680 189
2,000 61.8 6.45 1i.5 1650 676 .O ,
3,000 133 12.4 26.7 2810 1410
4.000 Z30 19.8 48.7 4090 2390
5,000 354 28.5 77.7 5510 3630
6,000 505 38.6 115 7060 5060
7,000 684 49.6 157 8740 6820
8,000 889 61.8 207 10600 8830
9,000 1130 74.9 267 12500 11000

10, 000 1390 89.0 334 14700 13500
12, 000 2010 120 480 19500 19300
14,'000 2760 I55 682 25300 26000
16,000 3620 193 924 31900 33600
18,000 4650 234 1210 39600 42400 -- -

20, 000 5810 278 1550 48300 51800
22, 000 7090 325 1920 57300 62600
24, 000 8Vi? 376 2340 66200 74200
26,000 1O O0 429 2820 74600 87100
28,000 1 .100 484 3360 83400 10:000
30,000 3900 543 3950 92500 116000 . -- S

CEstimate3 Later'action potenitial
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TABLE VI
0

VISCOSITY OF EQUILIBRIUM NITROGEN -
(in riiiflipoise)

Temp erature Pressure (atm)

1 3 0c3

1. JG0 0.400 0.40 0.400 0.400
2,000 0.631 0.631 0.631 0.631
3,000 0.853 0.853 0.853 0.853
4,000 1.07 1.07 1.07 1.07
5,000 1.28 1.28 1.2Z8 1. 28
6,000 1.51 1.50 1.49 1.48

7,000 1.82 1.76 1.72 1.70
8,000 2.20 2.12 2.02 1.96

9,000 2.46 2.45 2.38 2. 28
10.000 2.62 266 2.66 2. 61

12.000 2. 51 2.76 2.94 3.02
14,000 1.70 2.26 2.77 3.07

16.,000 5.88 1.43 2.15 2.70
18-000 0.56 0.88 1.47 2. 10
20, 000 0.51 0.69 1.0b 1. !)
22, 000 0.56 0.68 0.92 1. 28
24, 000 0.60 0.73 0.92 1 1. 19
26,000 0.56 0.76 0.97 1. 21
28,000 0.44 0.70 1.01 1. 27
30,000 0.30 0.57 0.95 j 1.30

-jA

-31-
-31 0

TAB.. . . . ....

Temperatur.. . .e.. .re.. .t ).. . . . .............. .. ,

. . . .. . . . .. . . .. . . . . . . . . . . . . ..85.. . . .3 . O . 8. 5 " ... ..



TABLE VII ,

FROZEN THERMAL CONDUCTIVITY Kf m Kr + n"
FOR NITROGEN
(in mw/cm-*K) -. ".-.'

Temperature Pressure (atm)

("K) .
1 3 10 30

1.000 0. 671 0. 671 0. 671 0.671
Z, 000 1.17 1. 17 1.17 1.17 i. .
3,000 1.63 1.63 1.63 1.63
4,000 2.09 2.09 2.09 2.09
5,000 Z. 55 2.54 2. 54 2.54
6,000 3. 14 3. 07 3. 03 3.00
7,000 4. 2Z 3. 90 3.69 3.58
8,000 5.99 5. 47 4.86 4.46
9,000 7.70 7.41 6.80 6.04

10,000 9.25 9.22 8.92 8. 29
12,000 11.7 12. 5 13.0 13.2
14,000 13.1 15.0 16.7 17.9
16,000 14.7 17. 1 20.0 zz.z
18,000 17.8 20. 3 23.6 26.7
20,000 21.7 24.5 28.0 31.9

22,000 26. 8 29. 6 33. 4 37.8
24,000 31.6 , 35. 3 39. 7 44.9
26,000 36. 2 40.9 46.7 52.5
28,000 39.6 46.1 53.5 61.0
30,000 43.7 50.5 59.9 68.8

.-. . - . .- .. -
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TABLE VIII

EQUILIBRIUM THERMAL CONDUCTIVITY K .Kf Kr
FOR NITROGEN
(in rnw/cm-*K)

Ten~peaturePressure (atm)

()1 r 3 10 ~30

1,000 0.671 0. 671 0. 671 - 0.671
2,000 1. 17 1.17 1.17 1.17
3,000 1.64 1.64 1.64 1.64 ~
4,000 2.36 2.2Z4 2.17 2.14
3,000 6. 34 4.75 3. 75 3.24
6,000 23. 1 14.8 9.98 7. 08
7, 000 44.5 36. 5 25. 1 17. 0

8, 000 z6. 4 38.2 40. 0 32.3
9,000 12.9 19.6 31. 6 38.3

10, 000 11.5 13.1 18.6 27.9

12, 000 16.2 15.7 15.9 16.9
14,000 20.4 21.0 21. 0 21. 2
16.CO r9,) II.r 23-4 26v 1 ?7. 1
18, 000 19.6 23.7 28.7 32. 2-
20, 000 22. 3 25.9 30. 9 36. 1
22,000 27. 2 30.2 34. 8 40. 3
24, 000 32. 3 35. 8 40.4 46.2
26, 000 38. 1 42.0 47. 4 53. 3
28, 000 43. 2 48.5 54. 8 61. 9
30u,000 47.8 S4. 62.4 70. 2

-33-0
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TABLE IX P ..

ELECTRICAL CONDUCTIVITY OF EQUILIBRIAM NITROGEN
(in mho / c rn)

Temperaturer Pressure (atm) 1 •

()1 3 10 30

1,000 o o-',.- - -

2,000 2. 29xl,0o- 1 8  i. ooxio-1 8  4.6o7'x1o-0 9  1.79x1- 1 9

3,000 4.25xl10" 0  l. 86xi0-1 0  7.56xi0-Ii 3.32xlO"I _
4,000 6.34xl0"6  Z. 78x10"6  1. 13x10"6  4. 95xi0" 7

5,000 2.14x10"3  9.34x10"4  3.78xi0"4  1.66xi0"4 '

6,000 0.111 4.55x10"2  1.91x10 2  8. 34x10"3

"7,000 1.78 0. 804 0.323 0. 139
8,000 9.02 5. 14 2. 82 1.31
9,000 18.6 15.5 10. 8 6.30 ft... -

10,000 27.3 25.6 21.9 16.7
12,000 4Z.8 44.3 44.2 42.6
14,000 57. 1 60.4 63.5 65.4
16,000 68. 8 74.7 81.2 85,5 5-
18,000 79.8 87. 9 96. 8 104
20,000 89.1. 99. 5 11 12a
22,000 99.9 110 124 137

Z4,000 105 120 136 151 - . .-

26,000 105 IZ5 146 165
28,000 101 124 152 175
30,000 99 120 152 181

-34-
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TABLE X

VISCOSITY OF EQUYILIBRIUM OXYGEN I
(in rnillipoise)

Pressure (atm)
Temnpera~ture1

(K) 1 10 30 0

11000 0.482 0.482 0. 48Z 0.482
2, 000 0,732 0.732 0.732 0.737-
3,000 0.949 0.944 0.940 0.938
4,000 1.27 1.23 1.20 1.17
5,000 1.54 1.54 1.52 1.48
6,000 1.78 1.78 1.78 1. 177
7,000 2.01 Z.01 2.01 2,-'
8,000 2.23 Z.23 2.23 2. 7
9,000 Z.44 2,45 2.45 2.46

10,000 2.62 2.64 2.66 2.66
12, 000 2.74 2.90 2.99 3.04
14,000 2.27 2.76 3.10 3.28
16,000 1.40 2.11 2.80 3.24
18,000 0.82 1.36 2.16 2.87
20,000 0.65 0.95 1.56 2.31
Z2,000 -~-0.83 1.22 1.82
24,000 I 0.72 0.86 1.12 1.56
26,000 0.79 0.93 1.16 1.48
28,000 0.77 1.00 1.24 1,5Z
30,000 0.66 0.98 1.30 1.58

-35-.
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TABLE XI

FROZEN THERMAL CONDUCTIVITY K1 * u K10 t FOR OXYGEN
(in rnw/cm -K

Pressure (atm)
Temperature F

(K) 1 3 j 10 30

1,000 0,754 0.754 0.54 0.754
2,000 1.26 1.25 1.25 1. 25
3,000 1.73 1.72 1.70 1.70
4,000 2.47 2.39 2.30 2.23 -

5.000 3.03 3.02 2.99 2.93
6,000 3.60 3.56 3.54 3.55
7. 0U0 4.48 4.34 4.22 4.19
8,000 5.72 5.54 5.30 5.14
9.000 7.10 6.99 6.75 6.43

10, 000 8.53 8.54 8.43 8.14 -

12, 000 11.4 12.0 12.3 12.4
14,000 13.7 15.2 16.5 17.3
16,000 15.4 17.9 20.5 22.2
16,000 18.1 20.8 24.3 27.
20, cooA r. 0 498.

22, 000 - 29.6 33.6 38.2 --

24,000 32. 1 35.5 39.8 45.0
26,000 28.1 41.9 47.1 52.6
28,000 42.8 48.9 54,7 I 61.2
30, 000 47,2 55.3 62.9 J 68.9

-36-
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TABLE X11

EQUILIBRIUM THERMAL CONDUCTIVITY K K1  Kv FOR OXYGEN

(inmrw/cm - *K)

Pressure (atrn)
Tempe.rature

(K) 1 3 10 30

1. 000 0.754 0. 754 0. 754 0.754
2,000 1.32 1.29 1.27 1.26
3,000 8.02 5.44 3.78 2.91
4,000 21.4 21.5 16.6 11,7
5,000 5.09 8.24 13.9 17.4
6,000 3.83 4.23 5.59 8.55
7,000 4.55 4.47 4.60 5. Z6
8,000 5.84 5.62 5.39 5.30
9, 000 7.47 7.Z1 6.87 6.50 l

10.000 9.43 9.08 8.74 8. 34L
12, 000 14.7 14.1 13.5 13.2
14, 000 20. 3 20. 1 19.6 19.3
16.000 21.4 24.5 Z.6. 0 26.2
18.000 20.9 25.6 30. 3 32.8
20,000A 7) 0 ", A-2.

22,000 30.7 36.0 42.2
24,000 32.5 36.0 431.0 47.5
26,000 38.8 42.4 47.8 54.0
28,000 44.9 50.1 55.5 62.2

30,000 51.2 58.0 64.3 69.8

-37-
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TABLE XIII

ELECTRICAL CONDUCTIVITY OF EQUILIBRIUM OXYGEN
(in mhou/cm)

Temperature ?reusuze (atm) ,

('K) 60x .6X0.1 .:....:.:1 3 10 30 . -: . ...

1,000 8.0 x I0"35 2.4 x 10- 3 5  1. 24 x 10-3 5.43 x 10-36

2,2000 Z. 61x 1014 1.3x 10-14 6.07 x 10"15 2.66x 10-15
3,000 1. 9x 10-7 9.2 x 10-8 4. 81x 10-8 2. 10x 10-8
4,000 1. Ox 10-3 4. 1 x 1064 1. 55 x 104 4 6. 36 x 10-5
5,000 1. 1x 10"1 5.2 x 10-2 2. 02 x 10-2 8. 93 x i0"3 -":----

6,000 1.14 7. 681 . 370 . 197 -
18,000 7.46 3875 2.930 10 38
8, 000 13.1 10.7 7.82 5. 39
92,000 21.1 19.3 16.5 12.66

10,000 28.7 27.9 25.7 22.4. . - . -.'" - -. -"
12,00oo 43.1i 44.7? 45.0o 44.0o•:- -- -:.:
14,00o0 5"7, 1 60,.4 63.4 65., 3 ::"::: :I
16, 000 68. u• 74. 6 80.9 84.9Q
13, 000 79.08 87.8 96. 5 104
2.0, 000 89. 3 99. 5 110 izi
22, 000 ---" ill 123 137
24, 000 ill IZ2 137 151" "•.-•
26, 000 118 133 150 166

28,000 118 142 161 179
30,000 115 144 170 186
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TABLE XIV

VISCOSITY OF EQUILIBRIUM AIR
(in millipoise)

Preusure (atrm)
Temiperature -

1 3 10 30

1, 000 0. 418 0.418 0. 418 0. 418
2, 000 0. 648 0. 648 0.,648 0. 648
3,000 0. 858 0.857 0.857 0.856
4,000 1. 08 1.07 1. 07 1.06
5,000 1.30 1.30 1. 30 1. 27
6,000 1. 54 1.52 1. 51 1. 50
7,000 1.86 1.80 1.76 1. 73
81 000 2. 21 2. 15 2.06 2. 00
9,000 2.46 Z. 45 Z. 40 Z. 3Z

10,000 2. 63 2.66 2. 07 2. 63
12. 000 2. 63 2.85 3. 00 3. 06
14,000 1. 77 2.34 2. 82 3. 10
16,000 0.96 1. 53 2.24 --
18,000 0. 60 0.96 .57 2. 21
20,000 0. 54 --- 1. 13 1. 69
22, 000 0. 58 0.70 0.96 1. 36
Z4, 000 0. 63 0.75 0.95 1. 24
26,000 0. 62 0.80 1. 01 1. 25
28,000 0. 53 0.78 1. 06 1. 32

*30, 000 J 0.42 0.67 1.041.3

-39-0
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TABLE XV

FROZEN THERMAL. CONDUCTIVITY xf u Kr + Kint FOR AIR
(in mw/cm - "K) :'.'I _ _ _ _ _ _ _ _..__ _. _ _ _ _ _ _ _.-.,....

Presmure (atm) - •Temperature

1 3 10 30

1, 000 0. 690 0. 690 0. 690 0. 690
2,000 1.18 1.18 1.18 1.18
3,000 1.63 1.63 1.63 1.62 .
4,000 2.11 2.10 Z. 08 2.364,7
5,000 2.62 2.61 2.59 2.52
6,000 3.29 3.20 3.13 3.08
7,000 4.40 4.13 3.90 3.76
8,000 5.97 5.58 5. 11 4.76
9,000 7. 58 7.33 6.83 6.24

10,000 9.12 9.07 8.78 8.24
12,000 11.8 12.5 12.9 12.8

4,000 ,,.0 i5.0 U16.7 17.8
16, 000 4. 8 17.2 20.1 1
18,000 17.9 20.4 23.7 26.8
20,000 21.8 ---- 27.7 31.9
22,000 26.8 29.6 33.4 37.9
24,000 31.7 35.3 39.7 44.9
26,000 36.7 41.2 46.8 52. 5
28,000 40.5 46.8 53.8 61. 1
30,000 44.8 51.6 60.6 69.2
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TABLE XVI

EQUILIBRIUM THERMAL CONDUCTIVITY K Kf + Kr FOR AIR
(in mw/cm - "K)

Pressure (atm)
Temperature _._.__..,_ L --

(K) 1 3 10 30

1, 000 0. 690 0. 690 0.690 0.690
2,000 1.21 1.20 1.19 1.19
3,000 3.83 2.99 2.41 2.08 i.. . -
4,000 5.00 5.55 5.38 4. 65
5,000 8.81 7.43 6.63 6. 16
6,000 21.3 15.5 11.8 9.863
7,000 35. 2 31. 1 23.4 17.7
5,000 19.7 29.0 32.6 28.6
9,000 11.2 15.5 24. 2 30.6 .

10,000 11.2 12.0 15.4 21.9
12, 000 16.2 15.6 15.3 15.9
14, 000 20.7 21.6 21.6 21. 5
16,000 ZO. 7 24.4 27.1 .:
It, uuu i0. b Zb. z 30.3 33.7 101
20,000 2z. 9 ---- 32.2 37.9
22,000 27.4 30.8 36.0 42.1
24,000 32.4 36. 0 41.2 47. 5
26, 000 38. 3 42. 2 47.8 54.2
28, 000 43. 4 48.8 55.1 62.4
30,000 48.4 54.9 62.8 70.7

-... •
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TABLE XVII

ELECTRICAL CONDU.CTIVITY OF EQUILIBRIU.M AIR
(in mhon/cm)

Pressure (amn-)

Tep 3 10 30

15000 ~~
2,000 9. 98 x~ 10-9 5.75 x 10-9 2.77 x 10- 1. 81 x 10o9
3,000 2. 14 x 10- 1. 51 x 10-4 6.71 x 10-5 3. 78x 10-5
4,000 2. 43 x 10-2 1. 55 x 10-2 8. 90 x 10- 3 5. 12x 10-3
5,000 2. 94 x 10- 1 2.l10x 10- 1 1. 43x 10-1 8.28 ,~ 10-2
6,0030 1. 13 0.78 0. 57 0.41
7,000 3.90 2.47 1.79 1. 33
8,000 10.4 7.20 4.83 3.40
9,000 19. 0 15.9 11.9 8.23

10,000 27. 3 25.5 2119 17. 2
12,000 421.7 43.8 43.0 40.1
14,000 55. 9 60.4 63. 5 65.5
16,000 68.8 74.7 81.2 --
Lot,000 79,8 ab 799.8 104
20,000 89.2 .... 109 122
22,000 100 110 123 137
24,000 107 120 136 151
26,000 108 127 147 165
28,000 105 128 154 176
30,000 104 125 156 184
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TABLE XVIII

1BINARY DIFFUSION COEFFICIENTS FOR THE CONSTITUENTS OF AIR

AT ATMOSPHERIC PRESSURE

Temperature Binary Diffusion Coefficient Dij (crn2 /sec) ___(K)
(N, N2) (N, N+)* (NZ, N +)* (N+, N++' (0, 0 .

1,000 2. 34 0. 313 1.06 1. 78x 10-5 2.40
2,000 7.95 0.940 3.99 4. 33x 10-4 7.87
3,000 16.4 1.79 8.67 2.90x 10-3 15.9
4,000 27.5 2.83 15. 1 1. 06 x 10- 2  26.2 .
"5,000 41.2 4.04 23.1 2.99 x 10- 2  37.6
6, 000 57.4 5,40 32.8 6.88 x 10"2 53.1
7, 000 76.0 6.91 43.9 0.138 69.7
8, WO 97.2 8.53 56.7 0. 245 88.2
9,000 121 10.3 71. 2 0.3q9 109

10,000 147 12.2 86.8 0.604 131
12, 000 206 16.3 123 1. 23 181
14,000 _ 274 20.8 166 2.16 238
16,000 354 25.8 214 3. 38 304
18,000 439 31. 2 268 4.93 376
20, oCo 533 36.7 328 6.85 457

42, 22 00 637 42.9 395 9.40 544
24,000 749 49.1 464 I J3 639
26.000 869 56.1 541 16. 740
28, 000 998 63. 0 626 Z0. 4 849
30,000 1130 70. 3 714 Z5. 5 966

"E•tirnated Interaction Potential.
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TABLE XVIII (Cont'd,%

BINARY DIFFUSION COEFFICIENTS FOR THE CONSTITUENTS OF AIR
AT ATMOSPHEjRIC PRESSURE

Temperature Binary Dlffusiork Coefficient,D,1 (crn2 /uec)

(OK) (0, 0+), (N2 , 02) (N 2, 0) (N. 0) (N, 0+)* 9
and (0, N+)*

1, 000 0.347 1.64 2.08 3.01 1.13
2, 000 1.02 5.14 7.07 11.0 4.22
3, 000 1.92 10.0 14.6 23.4 9.11
4,000 3.00 16.1 24.5 39.6 15.?
5 ,000 4.24 23.5 36.7 59.3 24.0
6, 00(1 5.64 32.~1 51.2 82.6 34.0
7, 000 7.15 41.8 67.9 109 45.6
8,000 8.84 52.7 86.8 139 58.7 ,

9,000 10.6 65.2 108 173 73.4 S
10. 000 12.5 79.0 131 209 89.7
12,000 16.5 110 184 293 12Z7
14, 000 21. 1 146 246 388 170
16,000 25.9 186 314 496 219
18,.000 31.2 231 I389 614 274 ____

20,1 000 36.7 1 280 473 747 335
22, 000 42.6 334 563 889 401
24,000 48.9 392 661 1040 473
26,000 55.5 453 j765 1210 551
28. 000 6Z. 0 520 878 1390 635
30, OOC 69.2 59 999 1580 723 1. oi 1-

*'Estimrated Interaction Potential
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TABLE XVIII (Cont'd) "":, ".. " ':". ..

:• BINARY DIFFUSION COEFFICIENTS FOR THE CONSTITUENTS OF AIR • " : ": --.
AT ATMOSPHERIC PRESSURE :'--'-'""-"

-. - -_-'.-" _-

Dii (crnz --. " . "i" -i--:.• .
Temperature Binary Diffusion Coefficient, /eec) •.-.-•.-.•/•_

('K) e
S(N+, O+) (Nz, NO) (O?, NO) (O, NO) (NO, NO+)*

_ _. . • . . .S:000 1 .a 10-5 .60 2.22 ii!:::>i i
2, 000 I, 43 x I0=• 5.09 5. 15 7.44 2.02 ......__ . " ..-• 3,000 9.51 • lO-• lo. 2 1o.o 15. z 3.91 ;.:::):•-•?:•i
4,000 3,49 •: I0-2 16.8 16.1 25,3 6.25 ,..I .-

.• 5,000 9, 84 x I0"2 25.0 E3.4 37. I 8.99 - .- ' -.

6, ooo o. zz7 34. s •2. o s2. l 12. I .-. -7,000 o. 4.•3 45.4 4t. 8 68. v is. 6. .- :- .:'.•

8,000 O, 805 57.6 52.7 87.4 1.9.4 - •
9,000 i. 31 71.5 64.9 108 23.5 -" ---

I0,000 2.00 86.5 78.3 "131 27.9 "- --Q-r-.
12, 000 4.04 120 IOS 182 37.7 •-[.•-'_'..•. -• " -
I•, 000 7..1.2 159 143 242 48.5 -)•-.: - " -." ..- __
16,000 1 I. I 20Z 182 309 60.4 .[-:.•!• i•[•-•[-•_-i..._
18, 000 16. 3 251 27.6 38E 73.3 ,•.-•'i:•[-?'[-['[.
20,000 ?.2.5 305 Z74 465 87. 1 .:-:. "-- t

"• ZZ, 000 ; 30.8 363 326 553 102 •-.•-..•L-o• :-"

-• 24, 000 40.5 427 383 650 118 _ .', .2-.' -
26, 000 5Z. 7 494 443 752 134 • .'.-.':-.•-:.-_-

• .. %..%...h.28,000 66, 7 567 509 863 152 . ..:-.--..-_ -.
30, 000 • 84. I ! 646 579 982 170 • •[['•)i'.i'[-j••m

•E•tLrnated Interaction Potentiall .J

S. .•i _.• _.:- ...•

• . *°• °.. -• .°. o•.- -".-'/'.-?.-•'•
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o
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TABLE XVIII (Concild)

BINARY DIFFUSION COEFFICIENTS FOR THE CONSTITUENTS OF AIR.0

AT ATMOSPHERIC PRESSURE

Tmeaue Binary Di~ffusion Coefficient, Di. (103c cza/sec) ~ .

(a, N)* (a. N2 ) (e, 0)* (e. 0 2) (e, NO)

1.000 1.58 1.49 7.80 2.92 2.19
2,000 4.46 2.90 19.6 7.43 4.46
3,000 8.19 4.65 31.0 11.7 6.21
4.000 12.6 6.64 42.0 15.4 7.51S
5.000 17.6 8.90 52.8 18.4 8.81
6,000 23.2 11.2 62.6 20.3 10.5
7,000 29.2 13.8 72.3 21.8 i2.8
8,000 35.? 16.4 79.6 23. 5 16.2
9,000 42.6 19.0 86.5 25.6 20.7

10, 000 49.8 21.7 94.4 29.3 24.7 .
12. 000 65.5 26.6 107 38.5 32.4
14. 000 82.6 30.8 120 48. 6 40.9
16, 000 101 34.6 133 59.3 49.9
18. 000 120 37.4 147 70.8 59.6
20, 000 141 38.9 160 82.9 6q. A

2,000 163 40.7 178 95.7 80.5
24, 000 185 42. 1 195 1 o9 91.8
26, 000 209 43.5 22"14 123 103
28, 000 1234 44.9 235 137 116
30, 000 1259 46.3 256 152 128

Estimated Interaction Potential
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